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Introduction 39
Atmospheric aerosols affect Earth's radiative balance and climate directly through 40 absorption and scattering of the incoming solar radiation and indirectly through 41 modification of cloud properties [IPCC, 2007] . Hygroscopicity, which characterizes the 42 ability of aerosols to take up water under sub and supersaturated conditions, is a key 43 parameter determining both the direct and indirect climate effects of aerosols. It is well 44 known that the hygroscopic growth of soluble particles can be described by the Köhler 45 theory [Köhler, 1921; Köhler, 1936] . Nonetheless, it remains challenging to characterize 46 the hygroscopic behaviors of the dynamic and complex atmospheric aerosol consisting of 47 particles with a wide range of sizes and chemical composition. As such, it is not 48 surprising that representations of aerosol hygroscopicity in current atmospheric chemistry 49 and climate models are highly simplified and uncertain [Malm and Kreidenweis, 1997 ; 50 Kinne et al., 2003; Ghan et al., 2012] . Numerous efforts have been made to develop 51 instruments and techniques that quantitatively determine atmospheric aerosol 52 hygroscopicity in situ. These measurements combined with chemical speciation data 53 provide direct observational constraints for improving model parameterizations of 54 hygroscopic properties of atmospheric aerosols. 55
Hygroscopic growth under sub-saturated condition can be described by the 56 hygroscopic growth factor (GF), which is the ratio of equilibrium particle diameters (D p ) 57 under dry and wet conditions: 58 where in our study RH dry is 25%. Using Eq. 3, f ext (RH) at exactly 85% RH was 178 determined to facilitate comparison between different time periods and to further allow 179 for retrieval of the optically-weighted GF at 85% RH (detailed in Section 3). The 180 uncertainty of the derived f ext (85%) for submicron particles is largely determined by the 181 accuracy of the RH measurement. A ± 2% error in RH measurement translates to an 182 uncertainty of ± 7% in f ext (85%) for a typical γ ext value of 0.5. 183 It is possible that particle losses between the humidifier and humidified channels 184
were increased relative to the dry channel due to the increase in particle aerodynamic 185 diameter with water uptake, with such an effect being most important for the supermicron 186 particles. Loss of semi-volatile aerosol components (i.e., ammonium nitrate) upon inlet 187
heating during TexAQS and CalNex may have also occurred. Such losses would lead to a 188 low bias in the observed f ext (RH) and derived GF, and thus the reported GFs are lower 189 limits. However, as will be shown below, the magnitude of the derived GFs from CalNex 190 and TexAQS when the sea salt fraction is large suggest that the supermicron GFs are not 191 substantially underestimated. The f ext (RH) data for supermicron particles from ICEALOT 192 were discarded due to additional biases introduced by the different conditions under 193 which the measurements were made. The ambient temperature in ICEALOT (often near 194 or below the freezing point) was substantially lower than the indoor temperature, while 195 for both TexAQS and CalNex the indoor temperature was much more similar to the 196 outdoor temperature. As a result, the sampled particles were effectively dried during 197
ICEALOT from warming while the sampling line RH during TexAQS and CalNex was 198 close to ambient RH. When sampling PM 10 was assigned to each 5-min sample based on AMS ammonium to sulfate molar ratio. The 212 overall measurement uncertainty was estimated to be 20%. Further details about the Q-213 AMS operation and calibration are reported by Bates et al. [2008] . 214 PM 1 and PM 10 particles (50% aerodynamic cutoff diameters) were collected using 215 multi-jet cascade impactors [Berner et al., 1979] with sampling times ranging from 2-23 216 hours. The total number of impactor samples was 107, 52, and 49 for TexAQS, 217
ICEALOT and CalNex, respectively. The collected particles were analyzed offline for 218 organic carbon (OC), elemental carbon (EC), trace elements, inorganic ions and particle 219 mass [Bates et al., 2008] . Two-stage and one-stage impactors were used to collect PM 1 220 and PM 10 particles for OC/EC analysis, respectively. A denuder was deployed upstream 221 of the submicron impactor to minimize interference from gas-phase organic species. OC 
Concentrations of trace elements (Na, Mg, Al, Si, P, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, 238
Zn, Ba, As, Pb) were determined using thin-film X-ray primary and secondary emission 239 spectrometry [Bates et al., 2004] . The inorganic oxidized material (IOM) that was mainly 240 composed of dust and/or fly ash was constructed based on elemental data as follows: 241 (5) 242 [Malm et al., 1994] . The average overall uncertainty in the IOM mass was ±12% [Bates 243 et al., 2008] . In the following analysis and discussion, IOM is used as a surrogate of the 244 dust component in sub and supermicron particles. merged by converting the APS data from aerodynamic diameters to Stokes diameters 252 using particle densities calculated from measured aerosol chemical composition [Bates et 253 al., 2008] . The use of Stokes diameters over aerodynamic diameters is more appropriate 254 for optical calculations as they represent the physical size of the particle under the 255 assumption of spherical particles. The APS data adjustment also accounted for 256 nonspherical particle shape [Quinn et al., 2004] . The estimated uncertainty in the number 257 concentration in each size bin was ±10%. 258
All of the size measurements were made at the inlet mast RH (< 25% for 259 ICEALOT and < 60% for TexAQS and CalNex), whereas the "dry" optical property 260 measurements were made at ~25% RH. If the particles retain water at 60% RH the 261 measured particle size would be overestimated relative to the optical property 262 measurements. This would influence the ability to obtain absolute optical closure, but has 263 only a small influence on the conversion of f ext (RH) to GF(85%), as illustrated through 264 sensitivity tests shown in Figure S2 . 265
Derivation of hygroscopic growth factor (GF) 266
Following Cappa et al. [2011] , an iterative algorithm, illustrated in Figure 1 , was 267 applied to retrieve GF at 85% RH using measured f ext (85%) and dry particle size! 13 distribution for both sub and supermicron data sets. Specifically, b ext,532nm values were 269 calculated using Mie theory for both the dry particle size distribution and for a humidified 270 (at 85% RH) particle size distribution [Bohren and Huffman, 1983] . The ratio between 271 the diameters of the humidified particles and the dried particles correspond to GF(85%). 272
The value of GF(85%) that corresponds to the observed f ext (85%) was determined by 273 increasing the GF(85%) from some initial guess value (typically GF = 1.0) in steps of 274 0.005 until the calculated f ext (85%) agreed with the observed f ext (85%) to within ±1%. 275
The algorithm returns a null value for GF if the derived GF(85%) was unrealistically 276 high (i.e., GF > 2.1). This was done separately for sub and supermicron particles to 277 determine values of GF sub and GF super at 85% RH, respectively. The temporal resolution 278 of the retrieved GF(85%) is 10 min, based on the alternating sampling of PM 1 and PM 10 . 279 GF super (85%) data were averaged to the impactor sampling periods (2-23 hr) for further 280
analysis. There is generally good agreement between the observed and calculated 281 b ext,532nm for both submicron and supermicron particles ( Figure S3 ), which suggests that 282 the assumption of spherical particles in the Mie calculations is reasonable. 283
Values of several parameters used in this process need to be estimated prior to the 284 GF derivation. For instance, the real part (n) of the dry particle refractive index (RI dry ) 285 was assumed to be 1.50 based on measured aerosol chemical composition. The imaginary 286 part (k) of RI dry was set to scale with the black carbon (BC) concentrations inferred from 287 measured light absorption at 532 nm using a photoacoustic spectrometer (PAS), under the 288 assumption that organics are non-absorbing at 532 nm [Lambe et al., 2013 ]. The wet 289 particle refractive index (RI wet ) was determined using volume mixing rules assuming 290 RI water = 1.33. A particle Stokes diameter of 684.2 nm (D p,cut ) was used to separate! 14 submicron and supermicron dry particle number size distributions. The use of 684.2 nm, 292 as opposed to 1 µm, is appropriate since the cutoff size of the impactors was aerodynamic 293 diameter and the particle density was most likely > 1 g cm -3 . This particular value was 294 determined by minimizing the difference between calculated and measured dry particle 295 b ext,532nm for both sub and supermicron particles, which was generally within 15%. The 296 model also assumes that the particle chemical composition is size-independent within a 297 given mode (sub vs. supermicron) and that all particle components are internally well-298 mixed. To estimate the uncertainty of the retrieved GF(85%) introduced by the various 299 model assumptions and from the measurement uncertainties of f ext (85%) (±7%) and 300 particle number concentration (±10%), a series of sensitivity tests have been performed, 301 the results from which are summarized in Figure S4 Normalized frequency distributions of f ext (85%) and GF(85%) for the three 327 campaigns are shown in Figure 3a and 3b, respectively. For submicron aerosols, f ext (85%) 328
and GF(85%) exhibited similar distribution patterns and were in general proportional to 329 each other with a relatively constant campaign-average ratio between f ext (85%) and 330 GF(85%) that ranged from 1.91-2.03 (Table 1) . For supermicron aerosols, the f ext (85%) 331
to GF(85%) ratio was also similar for TexAQS and CalNex (1.49 and 1.65, respectively), 332 but the distributions of GF(85%) are much broader than f ext (85%). The distinct ratio 333 between f ext (85%) and GF(85%) for sub and supermicron particles suggests that 334 conversion from physical water uptake to the impact this water uptake has on particle 335 light extinction should be treated differently for these two particle size ranges.
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Further, although similar campaign-average ratio between f ext (85%) and GF(85%) 337 was obtained among the three campaigns (Table 1 ), Figure 3c shows the major role that 338 the particle size effect plays in determining the dependence of f ext (85%) on GF(85%), 339 especially in the submicron size range. Consistent with theoretical calculations, when 340 comparing hygroscopic behaviors of submicron particles with supermicron particles, 341 f ext (85%) is not a robust measure due to its high sensitivity to particle size ( Figure 2) . 342
Taking data from TexAQS as an example, a comparison between submicron f ext (85%) 343 (mean ± 1σ: 3.22 ± 0.88) and supermicron f ext (85%) (2.48 ± 0.58) would, by itself, 344
suggest that submicron particles are much more hygroscopic than supermicron particles. 345
However, the derived GF sub (85%) (1.56 ± 0.15) was smaller than GF super (85%) (1.64 ± 346 0.23), which indicates that submicron particles were actually less hygroscopic. Therefore, 347
in the following analysis, we use the retrieved optically-weighted GF as a measure of the 348 overall aerosol hygroscopic growth. In all cases, the GFs correspond to 85% RH. aerosols, and the superimposed mean (±1σ) of GF sub (85%) and GF super (85%) for the three 376 campaigns. OM and sulfate were the two largest components in submicron aerosols. Sea 377 salt accounted for ~25% of the submicron aerosol mass in ICEALOT, much higher than 378 the other two campaigns, likely a reflection of the remote sampling environment as well 379 as the efficient sea spray aerosol production due to high wind speeds during ICEALOT. 380
The IOM (dust) contribution to submicron aerosol mass was relatively high in TexAQS 381 (~20%), largely due to the passage of dust storms (further discussed in Section 3. 
In Eq. 6, GF mixed corresponds to the derived GF values determined from inversion of the 516 f ext (RH) observations. Assuming a constant growth factor for the supermicron organics 517 (GF OM ) at 85% RH that equals either 1 or 1.3 (i.e., the range of values determined for the 518 submicron OM) leads to substantial underestimation of the overall supermicron! 24 GF mixed (85%) (Figure S9 ), suggesting that supermicron organics are largely more 520 hygroscopic than the submicron organics in this study. The absolute values of the bulk-521 average GF OM (85%) were determined for each observed GF(85%) by minimizing the 522 root mean square error between the observed GF super (85%) and calculated GF mixed (85%). 523 Table 2 lists the individual component GF(85%) and the density used to convert mass 524 fractions into volume fractions for each of the different aerosol components. Based on the 525 ammonium-to-sulfate molar ratio, (NH 4 ) 2 SO 4 was assumed to be the main form of 526 supermicron sulfate and NaNO 3 was assumed to be the main form of supermicron nitrate. 527
The temporal variation of the volume fractions of the various supermicron aerosol 528 components is presented in Figure S10 . The uncertainty associated with the 529 hygroscopicity closure calculation and the derived GF OM (85%) was systematically 530 assessed through a Monte Carlo analysis. Values for each of the model input parameters 531 (Table 2) , including the overall supermicron GF(85%), were randomly sampled from 532 probability distributions that were assumed to be independent and normally distributed 533 about each parameter's mean value (GFs were constrained to be >1), with the exception 534 of the GF(85%) for the type I dust. For the type I dust, a left-skewed and offset Weibull 535 probability distribution ( Figure S11 ) was used to account for the possible over-estimate 536 of GF IOM (85%) introduced by the extrapolation of the linear fit of GF super (85%) versus 537 the IOM mass fraction (Figure 6 ). GF OM (85%) values were derived 20,000 times to 538 determine a frequency distribution of GF OM (85%) values for each observed overall 539
GF(85%).
Approximately 35% of the model inputs were unrealistic (e.g., gave an 540 negative organic volume fraction) and therefore were discarded. supermicron OM on average had a substantially higher GF OM (85%), which could imply a 561 different chemical composition associated with the different particle origins. It is possible 562 that some marine primary organic aerosols (e.g., fungi and bacteria) make up a large 563 fraction of the supermicron OM mass in the marine boundary layer and they likely have! 26 different hygroscopic behaviors from the organic compounds formed from gas-particle 565 conversion [Hawkins and Russell, 2010] . However, since no further chemical information 566 regarding the nature of the supermicron OM is available for this study, we cannot 567 comment on the type of organic compounds or functional groups that may lead to the 568 highly hygroscopic behaviors of the overall supermicron organics. In addition, given the 569 uncertainty associated with the inversion approach, the possibility that the mean 570 GF OM (85%) was biased high cannot be completely ruled out. 571
Conclusion 572
Sub-saturated hygroscopic properties of both submicron and supermicron aerosols 573 in the remote and coastal marine boundary layers during three research cruises, TexAQS-574 GoMACCS 2006, ICEALOT 2008 and CalNex 2010, were investigated using an optical 575 approach. The impact of water uptake on particle light extinction, f ext (RH), was quantified 576 with a cavity ring-down aerosol extinction spectrometer (CRD-AES) making extinction 577 measurement at 532 nm under dry (< 30%) and elevated (i.e., 75% and 85%) RHs. An 578 optically-weighted bulk growth factor (GF) at 85% RH for both sub and supermicron 579 aerosols was retrieved from the f ext (85%) measurement based on Mie theory calculations. 580
The derived GF(85%) was proved to be a more robust measure for hygroscopic growth 581 than f ext (85%), which can be confounded by changes in particle dry size distribution. The 582 link between aerosol hygroscopic growth and chemical composition was examined for 583 both size ranges. Broadly consistent with previous studies, a negative correlation was 584 found between submicron GF(85%) (GF sub ) and the submicron organic mass fraction 585 (mf OM ), although the slopes of the linear regression fit between the two showed moderate 586 sensitivity to the mass fraction of dust and sea salt. For supermicron aerosols,! 27 GF super (85%) was reasonably well correlated with the supermicron sea salt mass fraction. 588
Hygroscopic behaviors of other supermicron components (i.e., dust and organics) were 589 studied using TexAQS 2006 as a case. Two types of dust with distinct hygroscopic 590 properties were identified. The dust aerosols that originated from the Saharan desert were 591 moderately hygroscopic, with an average GF of 1.38±0.15, whereas the dust from 592 continental (possibly industrial) sources was nearly hydrophobic, with an average GF of 593 1.01±0.14. With the GFs for the IOM and other inorganic components constrained, the 594 bulk GF(85%) for supermicron organics (GF OM ) was determined with a hygroscopicity 595 closure calculation based on volume-weighted mixing rule. Uncertainties in the derived 596 ★ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ★ ▲ ▲ ▲ ▲▲▲ ▲▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲
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